Introduction
This paper describes the novel design and implementation of a fast feedback controller for a STM, and the addition of the STP capability. The challenge was to design a low cost system with substantial upgradeability that had to be retrofitted to an existing STM scanner. The simplest approach to the implementation was to use fast microcontrollers that are connected together on a serial bus to handle the control of the scanner. The data throughput of the system had also to be improved.
A scanning tunneling microscope consists of a scanner, control electronics-and a system for displaying the image that is being scanned. The scanner consists of a piezoceramic tube that has a wire tip at the free end. This tip is normally made from a Platinum Iridium alloy and is brought in close proximity (approximately lnm) to the surface that has to be imaged. At this distance, electrons can traverse the traditionally insulating barrier of air or vacuum by means of quantum tunneling; this is called the tunneling distance. By applying the appropriate control voltages to the piezo scanner tube, small controlled scans can be made in the range of 5nm x 5nm up to about 5pm x 5pm.
Svstem description
The basic resolution requirement for a STM scanner was originally discussed by Pohl [ 13. In the 2 direction (perpendicular to the plane of the specimen) the resolution must be at least 0.01 A, and in the lateral X and Y directions (in the plane of the specimen) at least 0.1 A. Given the diameter of a gold (Au) atom at 144pm or 1.44 A, this means that one requires at least 10 samples across the surface of the atom to determine its position in the lattice structure as one scans in the XY direction.
This resolution requirement combines with the scan range to determine the fineness of the digitization, which is typically 16-bit for the XY direction and 18 to 20-bit for the Z direction. The dynamic behavior of the piezoscanner, and in particular the lowest resonant frequency, dictates the bandwidth of the controller that is used. The PZT-5H tube used in the current study has its lowest resonant frequency at about 1 OkHz.
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! O frequency in ldt? Figure 2 . The PZT scanner resonant response. This shows the resonant peaks at the various frequencies.
The first peak at about 1 OkHz is clearly visible.
For practical purposes, controllable XY movements are limited to a third of that frequency. The speed requirement of the Z controller is such that it should sample and update at least ten times faster (ideally) than the bandwidth of movement. This requirement gives us a Z sampling rate of 30kHz. In order to allow for future expansion, we have overspecified this by a factor of two to give the eventual bandwidth of 60kHz for the Z controller.
The outputs of the controllers are applied to an XYZ-to-four-quadrant converter, which split the X, Y and Z control signals to four quadrant signals for the four quadrant electrodes on the outside of the piezo tube. These converted signals are applied to four 500-volt amplifiers which in turn are connected onto the piezo tube. The 500-volt amplifiers are needed to ensure a large movement range of the piezo tube to get a reasonable large area scan size. The tunneling current from the probe tip is converted to a voltage and then amplified by a factor of lo9 in order to be used as the feedback variable.
There are various ways of implementing a digital control system for an STM. One example is to use a Pentium computer and a plug-in card [2] . By far the most popular method is to use a DSP processor to do all the control of the STM control electronics [3-41. This would appear to be the obvious choice in light of the high accuracy and processing speed requirements. Although a DSP system would be able to run the Z control loop substantially faster than the 60kHz requirement, the extra speed is unnecessary and capacity is wasted by letting the processor sit in an idle loop.
A DSP system might use this extra capacity to implement an XY position control algorithril [SI. This is sometimes implemented to reduce the distortion caused by scanner non-linearity. If XY control feedback is to be implemented using a microcontroller based system, the XY controller can be split into two separate microcontrollers, one for each axis. A separate controller can implement communications with the PC.
An alternative is to add a dedicated distortion correction module that takes the output of the existing XY controller and modifies the control signals to compensate for the non-linearities in the motion of the piezo tube [6] . This has been implemented by previous workers using a MCS-5 1 type microcontroller.
XY control loo^
The XY controller scans the tip in a raster pattern over the sample with a movement bandwidth of 3.3kHz. Our XY controller, which has two 16-bit DACs to give the required lateral resolution, was implemented using a PIC 1 7~4 3 microcontroller. It is also possible to implement it as an analogue scan generator [7] or by using discrete gates and timer ICs [SI. A software based implementation is however much more flexible. A standard scan size is 5 12 by 5 12 data points. By incrementing the two 16 bit DACs by different amounts the image magnification factor can be controlled. A scan size from 5nm x 5nm up to about 5pm x 5pm is achieved.
The XY controller also communicates via two optically isolated parallel ports to a PC. One parallel port is used for transmitting and the other for reception of data from the PC. The ports are optically isolated to prevent noise coming from the PC analogue ground line from reaching the embedded system. It was shown in the previous iteration of the electronics, that ground line noise was a problem [9] . The serial link to the Z controller can also be seen.
The PC is currently running Windows NT 4 and the imaging software is written in MS Visual C++. The two parallel ports, were implemented using an 8255-type slot-in card in the PC. The control software on the PC communicates to the XY controller various parameters such as the magnification factor and control variables. Some of these configuration parameters are also required by the Z controller. The PC configures the XY controller, which then configures the Z controller before each scan is done.
The speed of throughput between the PC and the XY controller was improved by using a custom device driver. It was found that when the slot-in card was controlled from the user program level the throughput was in the order of 40.3 kbytesls. If the control lines and data reads were controlled by the device driver and not by the user program, the throughput improved by a factor of 3.23. The received data was then passed up as an 1024 byte array through the NT security layers to the user application program in the case of data control by the device driver.
Z control loop
It is important to note that the Z controller implements a PI (proportional -integral) control system:
where k is a scaling constant, p is the proportional constant, k, the integral constant and i, the error current.
If we take the first-order digital approximation to this: then the control system is basically an integer ininteger out system. It must be noted at this stage that there are several ways of implementing a first order PI control loop. The accuracy obtained by using floating point calculations is not needed, negating one of the basic advantages of the DSP approach. (It has recently been shown that the use of integer variables in the control loop is fundamental in eliminating limit cycling, which is a substantial source of errors in this application [lo] ). It is however easier and cheaper to implement the Z control loop on a microcontroller. Y A Figure. 4. Typical setpoint on the tunneling current vs. tunneling distance curve.
The tunneling current is amplified by a factor of lo6 by a wide bandwidth transimpedance preamplifier that uses the Burr-Brown OPA655 [12] which was implemented on a surface mount PCB. This opamp has an input bias current that is less than 1pA and a unity gain-bandwidth product of 400MHz.
The error current input to the Z control system (iJ is digitized using an 8-bit ADC. The setpoint tunneling current is of the order of 1 nA. For a very small change in tunneling distance a large change in current can be expected; hence 8-bit resolution is more than adequate. The measured current is then subtracted from the setpoint current to give the error current i, in the algorithm shown above.
The output value of the loop (Z,,,(n)) is passed to a 20-bit DAC and also fed back into the control loop as Zout(n-I). The 20-bit resolution is required to meet the requirement of 0.01 A in the Z direction (given that the full scanner range is at least Ipm). This fine output resolution also helps to reduce limit cycling and co-operative behaviour [lo] . The DAC output has a third order low pass Butterworth filter with a cut-off at 60 kHz. The filter is needed because the digital controller is a discrete indiscrete out system. The DAC output has an unavoidable zero at half the sampling frequency (the Nyquist frequency). It is frequency folded at the Nyquist frequency, hence a post-sampling filter on the output is required.
The Z controller in our case was implemented using a 33MHz Microchip PIC17c43 controller, with an 8.25 Mbit/s synchronous link running to the XY controller.
The programming of the PIC microcontrollers is simplified by their RISC instruction set. The previous implementation [9] used Intel 8051 based controllers which had over 200 instructions compared to the 58 of the PIC17cxx series. The Microchip PIC series can also implement a synchronous serial port that has speeded up communications between the two processors. During any scan only a very small fraction of the full 20-bit range is used to scan the surface. It is only during the tip approach stage that the tip is fully extended. This is because no tunneling current is measured and the control system tries to compensate by extending the tip to contact the surface to get a current reading. The coarse distance approach is done by hand with a very fine pitch screw movement. An oscilloscope is used to 0-7803-5546-6/99/$10.00 0 1999 IEEE see when a tunneling current is obtained at which stage the user can configure the PC to do a scan. The Z controller software loop executes in 1 3 . 3~~ (75kHz) and a software delay is added to bring the speed down to 60 kHz. It can thus be seen that a fast microcontroller can do the Z directional control as well as a DSP system but at a fraction of the cost.
STM results
The only way to verify that a STM is actually working is by the obtaining of a good image. In the image in figure 5 , a gold surface was imaged. The tip switch that is visible is due to a shift in tunneling contact from one point to another on the tip. It can be avoided by using sharper, specially etched tips [ 131. For the purpose of this study the primary goal is to improve the electronics and control systems, so a simple method of cutting the tip is used. The image size in this case is about 5pm x 3pm. The end result is a system that gives the performance equivalent to a DSP system but at a fraction of the cost. It is also in many respects simpler to have the Z control loop running uninterruptedly on a separate processor. This makes the system modular and any part can easily be replaced with a different module with new features.
STP concept
The addition of a resistiometric measurement capability in a scanning tunneling microscope (STM) is required for the application of this particular STM.
In scanning tunneling potentiometry (STP) the tip is used as a highly localized probe for potential measurements on a conducting surface[l4-15].
During a STM measurement of the surface topography, the surface is biased at a constant DC voltage, but during a STP measurement a varying surface potential must be applied across the surface that must be measured. The varying surface potential is caused by regions of differing surface resistance. The requirements for STP are as follows.
1. An AC signal must be applied over the surface which will cause local points of differing surface potential.
2.
A system must be included for distinguishing between the variations in tunneling current caused by topographic changes in the Z direction, and variations caused by local changes in potential.
During the STP measurements with a DC bias for the tunneling current, the tip position (in the Z direction) becomes dependent on the tunneling voltage at that point on the specimen surface. The control loop compensates by adjusting the tunneling distance so that the correct tunneling current is flowing again. This means that a change in potential would not be distinguished from a variation in specimen height. The contributions from AC components can however be easily separated out from the tunneling current. The DC current component that is extracted from the tunneling junction is used to obtain conventional topographic information.
High current 2D STP
The usual way of doing STP is only in one direction on the surface plane, and then an assumption is made as to the electrical connectivity of the sample surface in the direction perpendicular to the varying voltage [16] . The direction in which the AC signal is applied may not be the direction that contahs the best potentiometric information. An example of such a problem material is graphite, which has a grain structure that lies in only one direction. By applying a second electrode perpendicular to the first set in the plane of the specimen, and applying a slightly different AC signal to the AC signal across the sample, scanning tunneling potentiometry in two dimensions can be done [9,17,18]. This setup creates a set of signals that is orthogonal. In our system the first AC signal is at 5OkHz and the second is at 5 1kHz.
The frequencies for the STP were chosen to be as high as possible to enable maximum use of skin effect. Skin effect increases current flow close to the surface, which causes the surface potential to more closely reflect the near surface potentiometric information rather than the bulk resistance. The potentiometric information for both the X and Y directions are extracted simultaneously using a demodulation circuit.
To: Z controller Y-poXntiaI information Figure 8 . The configuration of the STP circuit. The application of two spatially orthogonal signals across the specimen surface can be seen. The same tip is used to simultaneously measure the DC and AC components of the tunneling current before signal processing.
Our system was designed to drive large highfrequency currents through bulk metal specimens. The addition of a transformer to step up the current before applying it to the surface of the sample is critical in this respect. This transformer coupling allow us to float the AC potentials on the DC bias.
The result of this is that currents in the specimen plane of up to 1 A are possible. In addition, the use of synchronous detection of the AC signal reduces the noise levels of the potentiometric information.
Conclusion
The new STM is substantially faster, more versatile and more user friendly than the system that it replaces [9] . The new isolated data links to and from the PC have a very high data throughput and have capacity to spare. The modular approach using separate XY and 2 control boards is satisfactory and can easily be expanded by replacing any one of the controllers with a module with improved capability.
The use of microcontrollers instead of a DSP solution kept development time to the minimum.
The addition of the scanning tunneling potentiometry (STP) capability to the STM will allow the generation of topographic (2 direction) and potential maps (X and Y directions) to the maximum range of 5pm to 5pm. This STP method makes use of transformers and synchronous detection of two spatially varying AC signals to do potentiometric measurements in two dimensions. This technique will improve the information obtained from on bulk metal surfaces.
